JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. The evolutionary response of plants to herbivory is constrained by the availability of resources in the environment. Woody plants adapted to low-resource environments have intrinsically slow growth rates that limit their capacity to grow rapidly beyond the reach of most browsing mammals. Their low capacity to acquire resources limits their potential for compensatory growth which would otherwise enable them to replace tissue destroyed by browsing. Plants adapted to low-resource environments have responded to browsing by evolving strong constitutive defenses with relatively low ontogenetic plasticity. Because nutrients are often more limiting than light in boreal forests, slowly growing boreal forest trees utilize carbon-based rather than nitrogen-based defenses. More rapidly growing shade-intolerant trees that are adapted to growth in high-resource environments are selected for competitive ability and can grow rapidly beyond the range of most browsing mammals. Moreover, these plants have the carbon and nutrient reserves necessary to replace tissue lost to browsing through compensatory growth. However, because browsing of juvenile plants reduces vertical growth and thus competitive ability, these plants are selected for resistance to browsing during the juvenile growth phase. Consequently, early successional boreal forest trees have responded to browsing by evolving strong defenses during juvenility only. Because severe pruning causes woody plants to revert to a juvenile form, resistance of woody plants to hares increases after severe hare browsing as occurs during hare population outbreaks. This increase in browsing resistance may play a significant role in boreal forest plant-hare interactions. Unlike woody plants, graminoids retain large reserves of carbon and nutrients below ground in both low-resource and high-resource environments and can respond to severe grazing through compensatory growth. These fundamental differences between the response of woody plants and graminoids to vertebrate herbivory suggest that the dynamics of browsing systems and grazing systems are qualitatively different. 
Introduction
Efforts have been made to explain the foraging behavior of vertebrate herbivores in terms of nutritional or energetic optimization (e.g. Westoby 1974 , Sinclair 1975 , Bevlovsky 1978 . This theoretical framework is insufficient to explain the winter foraging behavior of boreal forest vertebrate herbivores, because the browse species, growth stages and plant parts preferred by these herbivores are generally low in nutrients (e.g. nitrogen, phosphorus and energy), as compared to low-preference species, growth stages and parts (Klein 1977 , Bryant and Kuropat 1980 , Pehrson 1980 , Bryant 1981 . Thus the resistance of these plants to herbivores, particularly by the production of toxic compunds, needs to be considered.
The evolutionary response of plants to herbivory is also strongly influenced by other selective pressures in the plant's environment, such as nutrient availability, and can be understood only in this broader context. Although the selective regime that impinges upon each plant species is extremely complex, it can be broken down into major components to which there are consistent patterns of response. For example, when resources are available in abundance, there is generally selection for a suite of characteristics related to rapid growth rate (Fig. 1, Mooney 1972 , Grime 1977 , Chapin 1980a . When any one of these environmental resources becomes limiting to plant growth, there are predictable phenotypic and evolutionary consequences that constrain the likely responses of plants to herbivores. In this paper we explore some of these constraints in general terms and by using examples from boreal Alaska.
Evolutionary response of plants to resource limitation
Plants occurring on infertile soils (associated with late successional stages in boreal regions) or in shade generally cannot acquire sufficient resources to support rapid growth. The evolutionary response to resource limitation has been an inherently slow growth rate (Fig. 1) . Such plants grow slowly even in the most favorable environments and have low capacities to photosynthesize and absorb nutrients (Tab. 1, Grime 1977 , Chapin 1980a . Although growth is slow, plants and plant parts tend to be long-lived. Thus long-lived, slowly growing evergreen species are commonly found in the most nutrient-deficient or shaded sites (Klein 1965 , Small 1972 , Chapin 1980a , Coley 1981 . Slow turnover of plant parts is advantageous in a low-nutrient environment because every time a plant part is shed, it carries with it approximately half its maximum nitrogen and phosphorus pool (Chapin 1980a); such nutrients are not readily replaced. However, greater leaf longevity also carries with it certain disadvantages. First, a long-lived leaf is more likely to encounter unfavorable physical conditions. The high fiber content, low water content, and thick cuticle of many evergreen leaves may be in part an evolutionary response to unfavorable conditions such as winter desiccation or summer drought (Levitt 1976) . Such characteristics also lower the palatability and digestibility of forage to herbivores (Coley 1981, Mould and Robbins 1982). Secondly, long-lived leaves are available for attack by herbivores and pathogens for a longer time than short-lived leaves and therefore have a greater probability of being attacked before being shed (Feeny 1976, Rhoades and Cates 1976 At the opposite extreme, trees and shrubs that invade more fertile recently disturbed sites, e.g. feltleaf willow (Salix alaxensis), quaking aspen (Populus tremuloides) and Alaska paper birch (Betula papyrifera ssp. humilis), are preadapted to escape through rapid growth. Repeated disturbance selects for storage of nutrients and energy below ground to support rapid shoot growth after destruction of above ground parts (Garrison 1972 ). Thus disturbance-adapted plants can be expected to achieve some resistance to browsing because of their inherently rapid vertical growth rate and below ground storage. Rapid growth is not, however, a complete solution to the browsing problem because browsing can cause extensive mortality and growth retardation during the few years when plants are young and within reach of browsing mammals (Klein 1977) . Thus the expected response to browsing of rapidly growing, disturbance-tolerant trees and shrubs includes the evolution of defenses during the highly vulnerable juvenile stage (Klein 1977, Bryant and Kuropat 1980) . The duration of vulnerability will vary with the feeding range of the herbivore species involved, for example snowshoe hares versus moose. Selective pressure for browsing resistance appears greater at the lower height range characteristic of hares.
Comparison of major Alaskan trees shows the interrelationship among habitat, growth rate, and plant defense discussed above (Fig. 2) . The early successional trees (poplar, aspen, and birch) have rapid growth rates and are less susceptible to browsing by hares in the mature than in the juvenile growth stage. In contrast, the late successional black spruce has a slow growth rate and is relatively unpalatable in both the juvenile and mature growth stages. Alder extends from early to midsuccession and is generally intermediate between early and late successional species in terms of growth rate and browsing resistance.
Herbaceous plants
The graminoid growth form is selected for by conditions of frequent destruction of above ground parts as by fire or grazing. In the absence of frequent disturbances, graminoids are replaced by woody species that grow above the graminoids and dominate the light resource (Chapin and Van Cleve 1981). Because of the importance of above ground disturbance in maintaining the competitive advantage of graminoids over woody species, it is not surprising that graminoids are welladapted to tolerate grazing and have large belowground reserves that enable them to rapidly produce new leaves to replace those lost to herbivores (McNaughton 1979 , Cargill 1981 .
As with woody species, growth and leaf turnover rates are slowest in low-nutrient-adapted graminoids Seeds require light weight and compact storage reserves. Thus seed antiherbivore defenses tend to be highly toxic nitrogen-based and energy-rich substances that are deterrent in small quantities and frequently double as food reserves for the developing embryo, e.g., uncommon amino acids, lectins and toxic lipids (Bell 1978 thus able to secondary defense throughout the summer (Fig. 3, 
;umably low Klein 1965).
Intense herbivory in early spring can be extremely detrimental to plant growth. At Atkasook in northern m Alaska experimental defoliation had greatest impact upon regrowth by deciduous species if it was applied in early spring during rapid leaf growth (Fig. 4, Archer In contrast to deciduous species, evergreens produce leaves that continue to grow throughout the growing season. Leaf growth in these species is more gradual and is apparently less dependent upon stored reserves than in deciduous species. Removal of plant tissues by herbivores at any time of year places substantial strain on plant reserves, and regrowth following browsing is greatly reduced (Fig. 4, Archer and Tieszen 1980) . In both the arctic tundra and boreal forest of Alaska the leaves and twigs of evergreens, for example Labrador tea (Ledum palustre) and black spruce, are highly unpalatable and toxic throughout the year to both vertebrate and invertebrate herbivores, presumably because they are heavily defended chemically throughout the year (Klein 1965 (Klein , 1970 (Klein , 1977 
Phenotypic response of plants to nutrient or carbon limitation
We suggest that the response of all plants to reduced nutrient availability is qualitatively similar (Fig. 5) . When nutrients are less available in the soil, less nutrients are absorbed. A reduction in nutrient concentration reduces photosynthetic rate directly by reducing
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RuBP carboxylase, chlorophyll, and phospholipid contents and indirectly by increasing leaf longevity; older leaves tend to have reduced photosynthetic rates (Mooney 1972 , Chapin 1980a , Mooney and Gulmon 1982 . Growth is the process most strongly affected by nutrient stress. The decline in growth with nutrient stress is generally greater than the decline in photosynthesis so that carbohydrates and carbon-based secondary metabolites such as phenols accumulate (Shigo 1973 , Wong 1973 The plant phenotypic response to carbon stress due to insufficient light is essentially the converse of that described above (Fig. 5) . Photosynthesis and carbohydrate concentrations decline. Growth rate is reduced more severely than is nutrient absorption, so that tissue nutrient concentrations accumulate above levels necessary to support growth. Under such circumstances one finds a reduction in carbon-based defense such as terpenes and phenolics and in some species, particularly herbaceous plants, accumulation of alkaloids, cyanogenic glycosides and other nitrogen-based defense compounds (Fig. 5) , because under such circumstances nutrients are cheap relative to carbon. Similarly, following fertilization or the nutrient release that accompanies fire, tissue nutrient concentrations increase, and growth is stimulated more strongly than photosynthesis, so that Low Carbon Repeated pruning of juvenile woody plants cause no further increase in browsing resistance and, in the case of moose browsing, may result in decreased resistance (Machida 1979 , Loyttyniemi 1981 Machida (1979) and L6yttyniemi (1981) may simply be the result of moose using low resistance genotypes. Age-specific browsing resistance is related to the overall growth strategy of the plant (Fig. 2) capacity to increase resistance in response to browsing; they are heavily defended throughout life (Klein 1977 , Bryant and Kuropat 1980 , Coley 1981 . Conversely, rapidly growing disturbance-adapted woody plants have large below ground carbon reserves, which are necessary to support regrowth and a facultative defense and exhibit a well-developed juvenile resistance syndrome (Fig. 2) . In birch the resin accumulates in droplets on the surface of twigs, clearly showing the higher defense level of juvenile compared to mature-growth-form twigs (Fig. 6) Grazing short-circuits the decomposition process because many nutrients are returned to the soil in waste products of grazers in a form immediately available to plants. For example, plants subject to grazing and defecation by geese have a longer season of growth than do control plants, an effect also caused by nitrogen fertilization. The net effect is greater annual production in grazed or fertilized plants relative to controls (Cargill 1981).
We suggest that the dynamics of grazing and browsing systems will differ considerably because of constraints placed on plant evolutionary response to herbivory. Unlike woody plants, graminoids respond to grazing by compensatory growth of nutritious shoots at the expense of below ground reserves. This may account for the observation of repetitive grazing of plants in graminoid systems as diverse as reindeer or geese in high arctic grasslands (Holt 1979 , Cargill 1981 , green turtles in tropical seagrass beds (Bjorndahl 1980 ) and wildebeest in tropical savannas (McNaughton 1979 (McNaughton , 1983 . The longevity of graminoid-grazer "mutualisms" may depend upon rapid return of available nutrients to the soil in urine and feces or upon nutrient release from litter in fire.
Plant-herbivore dynamics in boreal forests
In early stages of forest succession, where light is not limiting, browsing may result in an increase in plant defenses. For example, during the peak phase of the ten-year snowshoe hare cycle hares severely browse their preferred food supply. These rapidly growing early successional trees and shrubs (Grange 1949 Fig. 2 ). Thus the consequence of hare browsing during the peak of the hare cycle is a serious reduction in the nutritive quality of the hare's winter browse supply. May (1975) suggests that the hare cycle-is a stable vegetation/herbivore limit cycle. The periodicity of the cycle is presumed to be a consequence of a time-delayed negative feedback related to the vegetation recovery process following severe browsing during the peak phase of the cycle. The duration of the feedback is predicted to be 1/4 the period of the cycle, or 2 to 3 yr. Experimental studies (Fig. 7a,b ) and field observations (Fig. 7c,d, Pease et al. 1979) indicate that the adventitious shoots produced by hare browsing, during the peak phase of the hare cycle are chemically defended for the 2-to 3-yr period predicted by May (1975) . Thus a plant defensive response that is compatible with, and expected from, considerations of woody plant evolutionary responses to hare browsing may provide the timer for the ten-year hare cycle.
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Late stages of forest successions are characterized by highly defended stress-tolerant trees and shrubs. We expect that herbivore productivity will be severely limited in such systems because of a lack of usable resources. We further expect that hare cycles will not be characteristic of large, monotonous late successional forests because of a lack of responsive, early successional trees and shrubs in these forests.
Conclusions
We conclude that carbon-nutrient balance of plants strongly affects their palatability and response to herbivores over evolutionary and physiological time scales. Woody plants adapted to low-resource environments have inherently slow growth rates that limit their capacity to replace browsed tissue through compensatory growth. These low-resource-adapted plants have responded to browsing by evolving chemical defenses that are well-developed throughout the life of the plant. In contrast, high-resource-adapted plants have rapid growth rates that enable them quickly to grow beyond the range of browsing mammals and to replace browsed parts rapidly. These plants are chemically defended only in the juvenile phase. In nutrient-limited environments chemical defenses are largely carbon-based. In highnutrient or low-carbon environments carbon-based defenses decline, and nitrogen-based defenses become more important.
Mature woody plants respond to browsing by producing juvenile shoots with well-developed chemical defenses, particularly in the case of high-nutrientadapted species that have abundant below ground reserves. When mammals such as snowshoe hares severely overbrowse their food supply, the toxic juvenile shoots which plants produce in response to browsing may play an important role in causing the decline and in regulating the rate of recovery of these animal populations.
Although these generalizations have developed from study of the interactions of mammals and woody plants, we feel that carbon-nutrient balance of all plants as determined by resource availability in the environment, must play an important role in determining levels, patterns, and types of plant defense and the nature of interactions between plants and herbivores.
